In this Letter we present the design of a novel (to our best knowledge) integrated TE isolator realized using ultra-lowloss Si 3 N 4 waveguides. The device is made of two straight waveguides coupled to an array of ring resonators including a Ce:YIG garnet grown on their internal side. The analysis demonstrates advantages in loss, isolation, and passband width as the number of rings is increased.
An optical isolator is one of the most challenging devices to be integrated with high performance [1] . Several solutions have been recently proposed based on nonreciprocal radiation mode conversion [2] , nonreciprocal losses [3] , interferometric configuration [4] , and nonreciprocal phase shift (NRPS) [5] . The more reliable ones are those based on the NRPS [6] , where the whole device or a part of it is made of a nonreciprocal material [e.g., magnetooptical (MO) material]. Using this kind of material, photonic crystal isolators [7, 8] and ring resonator isolators [6, 9] have been recently designed. While the former require high precision and magnetization control over a micrometer scale, the latter are more robust to fabrication errors. Moreover, ring resonators can also be easily thermally tuned to align the isolation bandwidth with the laser wavelength. Recently a TM isolator was realized by bonding a silicon ring resonator with a cerium-substituted yttrium iron garnet (Ce:YIG), obtaining an isolation ratio (IR) of 9 dB [10] . By applying a radial magnetic field to the Ce:YIG, the clockwise (CW) and counterclockwise (CCW) propagation constants are significantly differentiated, allowing for backreflection isolation. One of the main issues of this device is the difficulties in applying a radial magnetic field with a permanent magnet. Further, the smaller the ring, the more difficult is the generation of such a field. Based on recent progress in the realization of low-loss Si 3 N 4 waveguides [11] , in this Letter we propose and optimize a novel (to our best knowledge) integrated isolator structure for TE modes at 1550 nm. Such waveguides are characterized by ultra low loss (down to 1 dB=m), material stability, and high refractive index regularity. Moreover, the high aspect ratio of these waveguides and their high birefringence increase the polarization maintaining properties reducing the cross-polarization effect, which characterizes high-index-contrast waveguides.
The device we propose is shown in Fig. 1 . It is made up of two straight Si 3 N 4 waveguides (n Si3N4 ¼ 1:99) coupled to an array of ring resonators also made on Si 3 N 4 . A Ce:YIG (n Ce:YIG ¼ 2:22, [12] ) has been grown on the internal wall of each ring [13] . The whole structure is buried in a silica coating (n SiO2 ¼ 1:46). By applying a vertical magnetostatic field, the resonance wavelength of the rings can be effectively differentiated. When the rings are on resonance, the light from the input bus [E þ 1 in the upper waveguide in Fig. 1(a) ] is coupled to the drop bus [E − 1 in the lower waveguide in Fig. 1(a) ]; oppositely, when the light is backreflected from the drop bus, the rings are out of resonance and the input port is isolated.
The mode profile and the resonance wavelength shift have been estimated employing an equivalent straight waveguide with the same ring cross section, as shown in Fig. 1(b) . We verified that such approximation provides a small field error (less than 2% on the main component) for a large ring radii (R ≥ 100 μm). When the external magnetic field is not null, the Ce:YIG relative permittivity tensor is
Considering an external magnetic flux density saturating the Ce:YIG (∼50 Gauss), the MO effect is described by ε xz ¼ 7:65 · 10 −3 at λ ¼ 1550 nm [10, 12, 14] . To estimate the difference between the propagation constants in the two directions, we solve the curl-curl equation for the magnetic field H using the full vectorial finite element method [14] 
where K is the relative permittivity tensor and k 0 is the wavenumber in vacuum. Considering the Cartesian coordinate systems, as shown in Fig. 1(b) , the magnetic field is assumed to be of the form
From Eq. (2), we have computed the field H AE , the phase constant β AE ðλÞ, and the effective index n AE eff ¼ β AE =k 0 as a function of the wavelength, where the superscript AE indicates the CW and CCW modes. Note that the different phase velocities in the two directions result into different ring resonance wavelengths. Labeling with λ þ and λ − the CW and the CCW resonance wavelengths, the split is
where n g is the average group index with respect to the two directions. To maximize the optical isolation, the minimal ring radius is chosen so that the transmission spectra for the forward and backward resonances are offset by half of the free spectral range FSR ¼ λ 2 =ð2πRn g Þ ¼ 2Δλ. The transfer function of the device is computed using the transfer matrix method [15] . Being κ the ring-waveguide power coupling ratio, we assume a lossless coupler. According to this hypothesis, the field cross coupled and transmission coefficients at the ring-waveguide coupling area are c ¼ j ffiffi ffi κ p and t ¼ ffiffiffiffiffiffiffiffiffiffi 1 − κ p , respectively. Labeling with one the input bus and two the drop bus, the transfer matrices for arbitrary unit cell M UCi (i ¼ 1; 2; …; N − 1) and the closing ring M CN are given by
Þ expðγ wg LÞ T 2i expðγ wg LÞ −T 1i expð−γ wg LÞ expð−γ wg LÞ ;
where R 1i , R 2i , T 1i , and T 2i are
where L is the ring separation, γ wg ¼jβ wg − α wg is the waveguide propagation constant, β wg and α wg are the waveguide phase and attenuation constants, respectively; similarly, γ rr ¼jβ rr − α rr , β rr , and α rr are the propagation, phase, and attenuation constants for the ring. In our analysis, we assume that α rr accounts for the bending loss, the scattering loss and the Ce:YIG absorption. The transfer matrix is E
From Eq. (6), the total reflection is
In order to maximize the resonance wavelength shift Δλ, we consider a 100 nm waveguide thickness and we varied its width and the thickness of the Ce:YIG. Because the refractive index of the Si 3 N 4 is smaller than that of the Ce:YIG, the wider the Ce:YIG layer, the more the field is confined in it. When the Ce:YIG is too thick (more than 300 nm), the mode is almost not confined in the Si 3 N 4 ring, as can been seen in Fig. 2 . Another important issue is the single-mode regime. Let us consider a 100 nm × 2:3 μm Si 3 N 4 waveguide cross section: the ring is single mode for a Ce:YIG layer thinner than 200 nm, whereas for a wider MO layer, the structure becomes multimodal. In this case, the second-order mode has a maximum closer to the external wall of the ring and it can be coupled easier to the bus with respect to the fundamental mode. To avoid this, we shrink the waveguide down to 900 nm. Figure 3 shows the resonance wavelength split and the field confinement factor in the Ce:YIG by varying the MO-layer thickness. We have identified the optimum configuration considering a 100 nm × 0:9 μm Si 3 N 4 waveguide cross section and a 300 nm wide Ce:YIG layer. This ensures a wavelength split Δλ ¼ 0:307 nm. The minimal radius is R ¼ 313:9 μm, with an FSR ¼ 0:614 nm.
To compensate for the ring loss, we have fixed the ring-waveguide power coupling coefficient κ, such as κ ¼ ½1 − expð−2α rr 2πRÞ=2, where [1 − expð−2α rr 2πRÞ] is the total power cavity loss. In case of low loss, the previous condition can be approximated with κ ∼ α rr 2πR, as reported in [14] . Because the optical absorption in the Ce:YIG is less than 4 dB=cm at 1550 nm [16] , and the power confinement factor on the MO layer is around 30% (Fig. 3) , we considered two possible values for the round trip loss, α rr ¼ 1 dB=cm and α rr ¼ 3 dB=cm, which are realistic values for a large ring radius of few hundred micrometers. Assuming α wg ¼ 0:1 dB=cm and L ¼ πR, the insertion loss (IL), the IR, and the bandwidth at 3 and 10 dB have been computed for different isolator structures with 1, 3, and 10 rings, respectively. The results have been reported in Table 1 , while Fig. 4 compares the spectra in cases of 1 ring and 10 rings. It is worth noting that the IL depends more on the coupled power than on α rr . Indeed, the more rings there are, the higher the power coupled between the two buses. Alternately, increasing α rr from 1 dB=cm up to 3 dB=cm, the IL is not significantly affected due to the relatively small ring radius (πRα rr ≈ 0:1 dB, when α rr ¼ 1 dB=cm). Besides, as 2πR is the optical path difference between the rings, the fields interfere constructively at the resonance and the phase response results to be linear.
As it can be clearly seen from Table 1 , increasing the number of rings improves the IR, the isolation bandwidth and decreases the IL. In addition, being the phase response of the device linear in the bandwidth of interest (BW 3 dB and BW 10 dB ), the isolator introduces only a delay without distortion. Note that although a smaller ring radius would reduce the device footprint, too-tiny rings should be avoided in order to limit the bending loss. Moreover, the tolerance fabrication error can be improved using a tapered SCISSOR structure, like in [17] .
In conclusion, we have proposed a novel (to our best knowledge) isolator structure and demonstrated advantages in loss, isolation, and passband width. We calculated the high performance of a TE isolator made of ultra-low-loss Si 3 N 4 waveguides and Ce:YIG. The device has been optimized considering a ring resonator array, and the most important parameters of the isolator have been computed. 
